Transport and magnetic properties of type II superconductors are strongly affected by the presence of defects that act as pinning centers for the vortex lattice. 1 The interaction between defects and the vortex lattice can induce a variety of changes in the temperature-field phase diagram, with the presence of different phases. 2 The control over defect size, strength, and distribution permits optimization of the critical current, one of the basic parameters for applications. 3 In most cases, defects induced during sample growth or created by metallurgical processes are randomly distributed. One of the first approaches towards the fabrication of samples with tailored pinning potentials were superconducting multilayers, 4 in which the nonsuperconducting layers act as an ordered array of parallel planar defects. In recent years, the development of several nanolithography techniques 5, 6 has allowed the fabrication of samples with artificial nanostructured pinning potentials. It has been found that different kinds of artificial arrays of periodic pinning centers in a superconductor can produce interesting commensurability effects with the vortex lattice. [7] [8] [9] [10] [11] [12] [13] [14] [15] When the artificial array geometry is different from the triangular configuration of the Abrikosov vortex lattice, controlled deformations are induced in the vortex lattice, depending on its elastic properties and on the pinning center strength. For example, rectangular arrays of Ni dots have been used to distort the vortex lattice into a rectangular configuration in a limited field range. 16, 17 Ordered arrays of defects are usually theoretically studied as composed of either simple point 18 or extended planar 1 pinning centers, and their effect on the vortex lattice is analyzed as a function of pinning strength and geometrical dimensions in comparison to the vortex lattice spacing. However, in real samples an intermediate situation between point and extended defects is frequently the case. Then, geometrical factors, such as defect size or interdot distance, 19, 20 have to be also considered to understand the observed pinning behavior. In this work, this intermediate situation has been modeled by the fabrication of rectangular arrays of Ni dots with small interdot separation. In addition, anisotropic pinning effects are studied by changing the direction of forced motion of the vortices relative to the underlying dot array.
Arrays of submicrometric 40 nm thick Ni dots have been prepared on Si substrates by e-beam lithography combined with a lift-off technique as reported elsewhere. 21 Two rectangular arrays of Ni dots have been used in this work with unit cell dimensions wϫlϭ0.35ϫ0.5 m 2 ͑sample 1͒ and w ϫlϭ0.4ϫ0.95 m 2 ͑sample 2͒. Dot diameters are d ϭ0.23 and 0.35 m and interdot distance along w is s w ϭ0.12 m and 0.05 m for samples 1 and 2, respectively. These geometrical characteristics are chosen so that close to the critical temperature (T C ), the dot separation along the short side of the array cell becomes comparable to the superconducting coherence length. Once the array of dots is fabricated, a 100 nm thick Nb film is deposited on top and a bridge for transport measurements is defined by standard optical lithography and ion beam etching. The pattern consists of a 40 m wide Nb cross centered on the Ni dot array so that the current can flow along two orthogonal paths aligned along the two principal directions of the rectangular array. Magnetotransport measurements have been performed on a helium cryostat with a 9 T superconducting magnet, with the magnetic field B always applied perpendicular to the sample plane. Then, depending on the selected current path, the Lorentz force F L ϭJϫB can point along two perpendicular directions relative to the array of Ni dots. Two measurement geometries have been used in this work, as sketched in Fig.  1 . Geometry A: J parallel to l, the long side of the array cell, and, therefore, Lorentz force F L and vortex velocity v L along w, the short side of the array cell. Geometry B: J along w, and F L and v L along l. Up to now only results in geometry A had been reported in the literature. 16, 22 Figure 2 shows the field dependence of the resistivity at 0.99T C obtained in these two configurations for sample 1 ͓Fig. 2͑a͒, geometry A and Fig. 2͑b͒ , geometry B͔. In the first case, F L along w, periodic minima appear in the vs B curve at equal field intervals, that can be associated with matching effects between the vortex lattice and the Ni dot array. 12 As a matter of fact, the field interval between minima ⌬B A ϭ120 G corresponds to a density of vortices n v ϭB/⌽ 0 ϭ5.8ϫ10 8 cm Ϫ2 , where ⌽ 0 is the quantum of flux. This is essentially the same as the density of pinning centers n P ϭ1/(wϫl)ϭ1/(0.35 mϫ0.5 m)ϭ5.7ϫ10
8 cm Ϫ2 , indicating that the minima in the dissipation correspond to matching between a rectangular vortex lattice and the rectangular array of dots. 16 In the second case, F L along l, the resistivity increases monotonously with field without any characteristic structure related to matching effects present in the vs B curve. However, it is worth noting that, in a wide field range around the first matching field, the overall resistivity values at the same magnetic field are much lower in geometry B than in geometry A ͑see for example the magnetic field corresponding to the condition ϭ0.1 n for each of these curves͒. That is, in geometry B the effect of the periodic array is more noticeable in the behavior of the (B) curve for fields away from the matching condition, i.e., in the background pinning provided by the artificial pinning potential when the vortex lattice is not commensurate with the array of dots. Therefore, the comparison between both measurement geometries shows that the vortex lattice is more strongly pinned at all fields when it flows along l, the long side of the array cell, than when it flows along w.
When the transport current is reduced by an order of magnitude, at the same temperature ͑see Fig. 3͒ matching effects become more important in both measurement configurations: the depth of the periodic pinning minima in geometry A increases, and smaller minima become also observed in geometry B. This enhancement of the interaction between the vortex lattice and the ordered array for intermediate currents is in agreement with previous results on the current dependence in samples with triangular and square arrays of dots; 12, 22 however, the detailed analysis of the field positions of the minima shows an unexpected behavior: the field spacing between minima is found to depend on the current direction, i.e., in configuration A, ⌬B A is 120 G and, in configuration B, ⌬B B is 185 G. The first spacing ⌬B A is the same found in the data of Fig. 2 for higher currents and corresponds to matching between a rectangular vortex lattice and the rectangular array of dots. On the other hand, ⌬B B corresponds to a triangular vortex lattice of parameter a 0 ϭ0.36 m which matches to the short side of the dot array cell (w ϭ0.35 m).
Similar results have also been obtained in sample 2 with a more anisotropic Ni dot array of parameters (wϫl) ϭ0.4 mϫ0.95 m and smaller interdot distance s w ϭ0.05 m. In this case, see Fig. 4 , periodic pinning is only observed in configuration A with ⌬B A ϭ51 Oe in good agreement with the theoretical prediction for matching with the rectangular array ⌬Bϭ⌽ 0 /lwϭ54 Oe. On the other hand, no matching effects are found for any current range in configuration B, but background pinning is stronger at low fields than in configuration A.
This enhancement in background pinning is also observed in theoretical simulations of rectangular arrays of point pinning centers by Reichhardt et al. 23 These authors find that, for fields close to the first matching field, the main effect of changing the current direction relative to the rectangular array of defects occurs for fields out of matching conditions, with a clear anisotropy in background pinning, that is higher when J flows along w. This effect yields a much smaller relative intensity of the periodic pinning peaks in configuration B and, therefore, they should be harder to resolve than in geometry A ͑under similar measurement conditions͒.
On the other hand, the geometry dependence of the matching conditions found in sample 1 for low currents had not been predicted in these theoretical simulations with point arrays of defects, 23 where the position of the matching peaks in the critical depinning force were found to be independent of the direction of flow of the vortex lattice. This anisotropic behavior is a clear indication of an anisotropy in the periodic pinning potential seen by the vortex lattice. A possible origin could be related with an anisotropy in the shape of the individual pinning centers. However, it has to be noted that the shape of the Ni dots in the samples used in this work ͓see Fig. 5͑a͔͒ is circular, without any observable elongation along any particular direction. Therefore, the results obtained in sample 1 cannot be attributed to an anisotropy in the Ni dot shape. Rather, in order to get further insight into these anisotropic matching effects, two factors have to be considered: first, the depression in the order parameter related with the overall array geometry and, second, the fact that the movement of the vortex lattice in the presence of disorder ͑thermal or structural͒ usually takes place with a higher degree of order along the direction perpendicular to the vortex motion than in the longitudinal one. 24, 25 In general, there are two limiting situations depending on the interdot distance. The simplest case, usually considered in theoretical simulations, corresponds to small defects located at large enough distance so that the pinning potential wells of the individual dots can be considered as independent and almost pointlike. The second situation corresponds to larger dots, where the interdot distance s becomes comparable with the superconducting coherence length, in this case there can be an overlap in the order parameter depression caused by each dot ͓see the sketch in Fig. 5͑b͔͒ . Then, the pinning landscape for a rect- 5 . ͑a͒ SEM image of the rectangular array of Ni dots used in sample 1. ͑b͒ Sketch of the contour plot of the pinning potential created by a rectangular array of defects in the small interdot distance limit, with overlapping pinning potentials that result in a channeled landscape. angular array of defects has a clear anisotropic character made up of deep channels located at a distance l, with a small periodic modulation of period w inside each channel. As s approaches zero, the amplitude of the modulation inside the channels decreases, and would eventually disappear in the ''multilayer limit'' of extended defects located at a distance l. Actually, the artificial pinning potential in the samples used in this work is more properly described by the sketch in Fig. 5͑b͒ . The superconducting coherence length at 0.99T C can be estimated as ϭ(0)/(1ϪT/T C ) 1/2 ϭ0.114 m, with (0)ϭ0.0114 m obtained from the temperature dependence of the critical field H c2 close to T C . This value of is very similar to the interdot distance along the short side of the array cell s w ϭ0.12 m for sample 1 and, much larger than s w ϭ0.05 m for sample 2. Therefore, the range of the potential wells created by each dot clearly overlaps along this direction.
In the following, first we are going to discuss geometry A with large and small interdot separation and, then, the situation in geometry B will be addressed. In the large interdot distance limit, experimental measurements in geometry A ͑the only reported up to now in the literature͒ show the vortex lattice is distorted into a rectangular configuration at low fields 16 so that pinning is enhanced for a vortex density n V ϭ1/(lϫw), that corresponds to a matching field ⌬B A (large interdot)ϭ120 G. Only for high enough fields a reconfiguration to a more isotropic vortex lattice is observed. 16 On the other hand, in the small interdot distance limit, it will be energetically favorable for the vortices to order in 1D lines located at a distance l inside the channels of the pinning potential, on top of the rows of Ni dots. Then, under the action of the Lorentz force parallel to the short side of the array cell, the vortex lattice will flow along these easy paths. It will only be pinned by the Ni dot array when the vortices in each line match the small w periodic modulation of the pinning potential. This occurs again for a vortex density n V ϭ1/(lϫw) and, as a consequence, the matching field ⌬B A ͑small interdot͒ will be 120 G, the same as in the previous case. However, for small interdot distances, the channeled pinning landscape would not favor the reconfiguration into an isotropic vortex lattice.
On the other hand, vortex dynamics in geometry B is found to be much more sensitive to the details in the pinning potential. In the large interdot distance limit, the vortex lattice would be again distorted to a rectangular configuration, independent on the direction of vortex motion, since this is an equilibrium effect derived from the energy balance. 16 Therefore ⌬B B ͑large interdot͒ should be the same as ⌬B A ͑large interdot͒, as has been observed in numerical simulations of rectangular arrays of point defects. 23 The situation is different for the small interdot distance case. The Lorentz force is directed along the long side of the array cell, so that the vortices are moving perpendicular to the channels in the pinning landscape and there are no easy paths for the vortex flow. Now, as has been theoretically predicted 24, 25 and observed in decoration experiments, 26 correlations along the direction of motion l are hindered at the onset of vortex motion while transverse order persists. Then periodic pinning would be observed when the vortex lattice matches the density of dots inside each channel in the direction perpendicular to the motion, as is the case for sample 1 at low currents ͑i.e., there is matching between a triangular vortex lattice and w the short side of the array cell͒. Also, since the vortices have to cross the channels in the pinning potential for any applied magnetic field, background pinning out of the matching conditions is enhanced, as observed experimentally. Finally, if s w is further reduced, the amplitude of the w-periodic modulation of the pinning potential inside the channels becomes too small to produce a significant synchronized pinning effect, as observed in the case of sample 2.
In summary, anisotropic pinning effects have been studied in Nb films with rectangular arrays of Ni dots as a function of the current direction relative to the array cell (wϫl). The arrays are fabricated with small interdot separation so that, for temperatures close to T C , the pinning landscape adopts a channeled structure due to the overlapping of the potential wells created by the individual dots. A clear anisotropy in the pinning behavior is observed for vortex motion along the two principal directions of the rectangular array cell: matching effects are more important when the vortex lattice flows along w the short side of the array cell, but there is an overall enhancement of the pinning force at all fields for vortices moving along l. The position of the matching field is also found to be dependent on current direction, which can be associated with changes in the flow pattern of the vortex lattice induced by the anisotropy in the pinning potential. 
